Glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) are the major incretin hormones that exert insulinotropic and anti-apoptotic actions on pancreatic b-cells. Insulinotropic actions of the incretins involve modulation of voltage-gated potassium (Kv) channels. In multiple cell types, Kv channel activity has been implicated in cell volume changes accompanying initiation of the apoptotic program. Focusing on Kv2.1, we examined whether regulation of Kv channels in b-cells contributes to the prosurvival effects of incretins. Overexpression of Kv2.1 in INS-1 b-cells potentiated apoptosis in response to mitochondrial and ER stress and, conversely, co-stimulation with GIP/GLP-1 uncoupled this potentiation, suppressing apoptosis. In parallel, incretins promoted phosphorylation and acetylation of Kv2.1 via pathways involving protein kinase A (PKA)/mitogen-and stress-activated kinase-1 (MSK-1) and histone acetyltransferase (HAT)/histone deacetylase (HDAC). Further studies demonstrated that acetylation of Kv2.1 was mediated by incretin actions on nuclear/cytoplasmic shuttling of CREB binding protein (CBP) and its interaction with Kv2.1. Regulation of b-cell survival by GIP and GLP-1 therefore involves posttranslational modifications (PTMs) of Kv channels by PKA/MSK-1 and HAT/HDAC. This appears to be the first demonstration of modulation of delayed rectifier Kv channels contributing to the b-cell prosurvival effects of incretins and of 7-transmembrane G protein-coupled receptor (GPCR)-stimulated export of a nuclear lysine acetyltransferase that regulates cell surface ion channel function.
Type 1 and Type 2 diabetes are associated with absolute or relative deficits of functional b-cells, and there is growing evidence that apoptosis is the main mediator of b-cell death. In view of the worldwide increase in diabetes incidence, it is important to understand the molecular mechanisms involved in b-cell apoptosis and to identify the agents that can reduce or abrogate this process.
The gastrointestinal tract secretes over 20 peptide hormones that regulate multiple physiological processes. Among these, glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) are the major incretin hormones that potentiate glucose-stimulated insulin secretion (GSIS) during a meal, 1, 2 and exert beneficial effects on b-cell proliferation and survival. [2] [3] [4] [5] [6] GSIS involves closure of ATPsensitive K þ (K ATP ) channels resulting in membrane depolarization, activation of voltage-dependent Ca 2 þ channels and increased intracellular Ca 2 þ , followed by membrane repolarization by voltage-gated K þ (Kv) and Ca 2 þ -sensitive K þ (K Ca ) channels. Incretins stimulate insulin secretion through modulation of K ATP channel activity, increasing Ca 2 þ influx through L-type Ca 2 þ channels and non-selective ion channels, and releasing Ca 2 þ from intracellular stores, as well as potentiation of Ca 2 þ -dependent exocytosis. 2, 3, 7 These effects are mediated through activation of b-cell G proteincoupled receptors (GPCRs). 2, 3 Both GIP and GLP-1 stimulate adenylyl cyclase, leading to increased intracellular cyclic AMP (cAMP), and activate protein kinase A (PKA) and exchange protein directly activated by cAMP 2 (EPAC2). 2, 3 Incretins activate both transcription-dependent and -independent anti-apoptotic pathways in b-cells [2] [3] [4] [5] [6] and significant progress has been made in elucidating the underlying mechanisms. Staurosporine (STS)-induced mitochondrial translocation of Bad and BimEL, activation of mitochondrial Bax, release of cytochrome c and caspase-3 activation were all reduced by GIP treatment of b-cells. 6 Incretins additionally reduce the levels of ER stress-related factors. 1, 3 The cAMP/ PKA pathway has a central role in b-cell prosurvival effects of GIP and GLP-1, 1, 3, 5 including stimulation of CREB-mediated expression of genes such as bcl-2.
5 Anti-apoptotic effects of PKB are also activated by the incretins, with suppression of Bax expression 4 and phosphorylation of apoptosis signal regulating kinase 1 (ASK1), resulting in sustained suppression of p38 MAPK and Jun N-terminal kinase. 6 Intriguingly, in neurons, an apoptotic surge of K þ current involves ASK1 and p38 MAPK. 8, 9 Kv channels are involved in the repolarization of excitable cells, and electrophysiological studies in human and rodent pancreatic b-cells have demonstrated their importance in the secretory process. 10, 11 Members of the Kv1, Kv2 and Kv3 families are thought to have important roles in insulin secretion by modulating the amplitude and duration of action potentials. 10, 12 Although Kv1.4 channel conductance is an important component of transient outward current (I to ), other subtypes of Kv channels contribute to delayed rectifier currents (I DR ) in b-cells, 10, 12, 13 with Kv2.1 probably having the major role. 10, 12, 13 In addition to regulating cell excitability, K þ channels are involved in the initiation and progression of apoptosis in several different cell types. 14, 15 Increases in both conductance and surface expression of Kv channels contribute to neuronal apoptosis. Neuroprotective effects of expressing dominant-negative Kv2.1 in cortical neurons were associated with reduced K þ current density following exposure to apoptotic stimuli, and trafficking of Kv2.1 channels to the plasma membrane was a major contributor to the initiation of apoptosis. 16 In the current studies, prosurvival effects of GIP and GLP-1 were found to involve post-translational modifications (PTMs) of Kv2.1 by phosphorylation and acetylation, the latter process occurring via a novel pathway involving nuclear to cytoplasmic translocation of the lysine acetyl transferase, CREB binding protein (CBP).
Results
Kv channels are involved in STS-or Thapsigargininduced b-cell apoptosis and GIP/GLP-1 reduces Kv2.1-mediated apoptotic cell death. The potential involvement of K þ channels in b-cell apoptosis was investigated by examining the attenuation of channel conductance through treatment with the K þ channel blocker tetraethylammonium (TEA) and quantifying apoptotic cell death in response to STS, an activator of mitochondria-mediated apoptosis, or Thapsigargin (Thap), an inducer of endoplasmic reticulum (ER) stress. As shown in Figures 1a and b , TEA reduced the levels of STS-and Thap-induced apoptosis in b-INS-1 (832/13) cells in a concentration-dependent manner. Additionally, TEA decreased STS-induced b-INS-1 cell death (Supplementary Figure 1) .
In order to examine their potential involvement in b-cell apoptosis, Kv2.1, Kv1.5 and Kv3.2, channel proteins that are strongly expressed in b-cells 10 (S Kim et al., unpublished), were transiently overexpressed in b-INS-1 cells. As shown in Supplementary Figure 2 , Thap-induced b-cell death was significantly increased by overexpression of Kv2.1 and Kv1.5 but not by Kv3.2. In view of the more robust induction of b-cell death by Kv2.1, and evidence supporting the contribution of Kv2 channel family members to B60% of b-cell I DR , 12 we focused further on the apoptotic effects of Kv2.1 in b-cells. As Kv2.1 expression is significantly lower in INS-1 (832/13) b-cells than in primary b-cells, for subsequent overexpression studies transfection conditions were optimized to mimic the Kv2.1 protein levels in human islets (Supplementary Figure  3A) . This resulted in a marked potentiation of both STS-and Thap-induced b-cell apoptosis (Figures 1c and d ) and b-cell death (Figures 1e and f) .
We next examined the effects of GIP and GLP-1 on Kv2.1-mediated b-cell apoptosis. Incubation of cells with Thap resulted in B4.5-fold increase in apoptosis and this was reduced by 44.8% and 51.6% with GIP or GLP-1 treatment, respectively (Figure 2a) . Similar results were obtained for b-cell death (Figure 2b ). Despite the elevated levels of apoptosis in Kv2.1-overexpressing b-INS-1 cells, GIP and GLP-1 were both capable of reducing apoptotic cell death to levels below those observed with pcDNA-transfected cells treated with Thap, indicating that part of their effect was mediated via effects on Kv channel surface protein levels or conductance. To establish the functional involvement of endogenously expressed Kv2.1 in apoptosis, RNA interference was employed. As shown in Figure 2c and Supplementary Figure 3B , RNAi-mediated knockdown resulted in specific reductions in Kv2.1 expression, associated with greatly reduced Thap-induced b-cell apoptosis. Both GIP and GLP-1 tended to further decrease the Thap-induced b-cell apoptosis, although the reduction did not reach statistical significance. Taken together, these results strongly support a role for Kv2.1 in Thap-induced apoptotic cell death and its involvement in GIP/GLP-1-mediated protection.
GIP and GLP-1 increase phosphorylation and acetylation of Kv2.1 in pancreatic b-cells. In earlier studies, both GIP 11 and GLP-1 10 were found to increase Kv channel phosphorylation. Recently, reversible protein lysine acetylation has also been demonstrated to be a common PTM of non-nuclear proteins. 17 As GIP and GLP-1 were both shown to be capable of stimulating histone acetylation, 18 the effects of these incretins on levels of phosphorylated and acetylated Kv2.1 were examined. Transfected INS-1 b-cells were treated with GIP or GLP-1 and solubilized extracts immunoprecipitated with phosphoserine/threonine or acetyl-lysine antibodies, followed by immunoblotting with Kv2.1 antibody. GIP (1-42, 100 nM) and GLP-1 (7-36, 100 nM) increased phosphorylation (Figures 3a and b) and acetylation (Figures 3c and d) of Kv2.1, whereas truncated forms of the peptides, GIP (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) and GLP-1 , that do not exhibit insulinotropic activity, had no effect. These results indicate that the incretin hormones are capable of increasing both phosphorylation and acetylation of Kv2.1 protein in pancreatic b-cells.
PKA/mitogen-and stress-activated kinase-1 (MSK-1) and histone acetyltransferase (HAT)/histone deacetylase (HDAC) enzymes are involved in incretin-mediated PTM of Kv2.1 and promotion of b-cell survival. Signaling modules potentially involved in promoting PTM of Kv2.1 channels were next examined, initially focusing on pathways previously demonstrated to mediate incretin actions.
2,3 GIP and GLP-1-stimulated Kv2.1 phosphorylation was greatly reduced or ablated by H-89 (10 mM), an inhibitor of both PKA and MSK-1, as well as the specific competitive inhibitor of cAMP binding to the regulatory subunit of PKA, Rp-cAMPs GIP and GLP-1 regulate the nuclear/cytoplasmic localization of CBP. In view of the recent demonstration that cytoplasmic CBP was capable of acetylating the prolactin receptor 19 and the relative selectivity of HAT inhibitor II for CBP/p300, we examined the effects of GIP and GLP-1 on the cellular distribution of CBP. As shown in 20 CBP mediates GIP and GLP-1-induced acetylation of Kv2.1, resulting in channel internalization. As GIP and GLP-1 increased the cytoplasmic localization of CBP, its role in GIP and GLP-1-mediated acetylation of Kv2.1 was examined. As shown in Figure 6a , in co-immunoprecipitation experiments, protein-protein interactions between CBP and Kv2.1 were observed in GIP or GLP-1-treated human islets. To establish the functional importance of CBP in GIP/GLP-1-mediated regulation of Kv2.1, RNA interference was employed. RNAi-mediated knockdown resulted in greatly reduced nuclear CBP expression in INS-1 b-cells (Figure 6b) . Co-immunoprecipitation experiments demonstrated that CBP knockdown almost completely ablated GIP or GLP-1-induced lysine acetylation of Kv2.1 ( Figure 6c ) and greatly reduced protein-protein interactions between CBP and Kv2.1 (Figure 6d ). Translocation of CBP from the nucleus is therefore likely to be an important mediator of GIP-and GLP-1-induced lysine acetylation of Kv2.1.
GIP-induced phosphorylation of Kv1.4 was previously demonstrated to result in endocytosis, 11 and Kv2.1 trafficking to the plasma membrane was shown to be responsible for increases in K þ currents associated with neuronal apoptosis. 16 We therefore determined whether GIP/GLP-1-mediated regulation of Kv2.1 involves channel protein internalization. Incubating cells with proteinase K randomly cleaves the extracellular regions of proteins, thus producing digested forms, whereas intracellular protein is protected. Using this technique, surface membrane expression levels of Kv2.1 in human islets were shown to decrease in response to treatment with GIP (1-42, 100 nM) or GLP-1 (7-36, 100 nM) ( Figure 6e ). As cellular K þ efflux has been shown to be a central step for the progression and completion of apoptotic cell death in numerous cell types, incretin-mediated Kv2.1 PTM and internalization are likely to be critical for b-cell survival.
Discussion
Although a role for Kv channels in the regulation of membrane repolarization and insulin secretion in pancreatic b-cells is established, their involvement in b-cell apoptosis has not been previously reported. It has been demonstrated in several cell types that apoptotic cell shrinkage (apoptotic volume decrease; AVD) occurs early in the process, before ultrastructural and biochemical changes, such as DNA fragmentation, cytochrome c release and caspase 3 activation, 14 and is a prerequisite for completion of programmed cell death. Ionic mechanisms involved in AVD are complex, but K þ is the major cytoplasmic cation responsible for maintaining cell volume 14, 21, 22 and efflux of K þ is a critical component of the AVD. 21 Indeed, activities of a number of caspases and endonucleases are suppressed at normal intracellular K þ levels and one of the main early events in apoptosis results from decreases in its intracellular concentration, allowing their activation. 22 A number of different K þ channels have been implicated in AVD, including Kv family members, 14, 16, 21, 22 and treatment with the K þ channel blockers TEA and 4-AP inhibits apoptosis in various cell types. 21 In earlier studies, GIP and GLP-1 receptor activation was demonstrated to potentiate GSIS by modulating Kv channels, 11, [23] [24] [25] and both incretins exert beneficial effects on b-cell survival.
2-6 The current study was therefore initiated in order to test the hypothesis that GIP's and GLP-1's actions on Kv channels are linked to effects on b-cell survival. In rodent primary b-cells, 480% of the outward K þ currents are generated by channels that are sensitive to the blocker TEA. 24 Treatment of b-INS-1 cells with TEA greatly reduced apoptosis induced by STS or Thap treatment (Figures 1a  and b) , suggesting the involvement of K þ channels. In addition to direct actions on K þ channels, TEA has been suggested to act on other cation channels in HeLa cells and by reducing cytochrome c release from mitochondria, 26 and we cannot rule out their contribution to b-cell responses.
Kv2.1 has an important role in b-cell repolarization. 12, 23 Additionally, the cytoplasmic C-terminus of Kv2.1 binds to syntaxin 1A in b-cells and their interaction is involved in channel gating, trafficking and insulin exocytosis. 27, 28 Multifunctional roles have also been shown in other cell types, and Kv2.1 facilitation of secretory vesicle recruitment in neuroendocrine cells, 29 and the clustering of cell surface Kv2.1 channels in hippocampal neurons 30 were shown to be independent from K þ conductance. In view of its additional pro-apoptotic role in neurons, we focused on the potential role of Kv2.1 in b-cell apoptosis and the ability of GIP and GLP-1 to modulate its action. Expression of Kv2.1 protein in b-INS-1 cells, at levels similar to those found in human b-cells, strongly potentiated apoptotic responses to both STS and Thap (Figures 1c-f, 2a  and b) , whereas RNAi-mediated knockdown of endogenous Kv2.1 attenuated Thap-induced apoptosis (Figure 2c ). These findings supported a role for Kv2.1 in b-cell apoptosis. Modulation of channel conductance has been considered to be the major effect of GLP-1 receptor activation on b-cell Kv2.1. 24, 25 However, the pro-apoptotic effects of Kv2.1 overexpression in b-INS-1 cells were strongly reduced by both incretin hormones (Figure 2a) . A number of voltagegated K þ channel proteins are regulated by serine/threonine phosphorylation, 11, 25, 31 and both phosphorylation 25 and SUMOylation 32 of Kv2.1 modulate channel conductance in pancreatic b-cells. In mass spectrometry-based assays multiple phosphorylation sites were identified in Kv2.1 31 and, among these, p38 MAPK-mediated phosphorylation of Kv2.1 at Ser800 is involved in Kv2.1 trafficking to the plasma membrane during neuronal apoptosis. 33 An Src family tyrosine kinase was shown to constitutively activate Kv2.1, 34 and Tyr124 of Kv2.1, a target for Src kinase, is critical for the neuronal apoptotic surge. 35 Additionally, downregulation of Kv2.1, via the cAMP/PKA signaling pathway, reduced apoptosis in cerebellar granular neurons. 36 Lysine acetylation of proteins has recently been identified as a PTM of widespread importance, linked to the modulation of cytoskeleton dynamics, endocytosis, autophagy and energy metabolism, 20, 37 and 480 transcription factors and nuclear regulators, as well as various cytoplasmic proteins, have been identified as acetyltransferase targets. 38 As both GIP and GLP-1 act via stimulation of protein kinase cascades [1] [2] [3] and also increase histone acetylation, 18 the potential involvement of both PTMs of Kv2.1 was investigated and shown to occur in INS-1 b-cells (Figures 3a-d) . Incretinmediated phosphorylation of Kv2.1 was greatly reduced by H-89 and Rp-cAMPs, whereas inhibitors of HAT/HDAC were without effect (Figures 4a and b) . On the other hand, acetylation of Kv2.1 was greatly reduced by H-89, Rp-cAMPs and HAT/HDAC inhibitors. Although Rp-cAMPs is a relatively specific inhibitor of PKA, H-89 also strongly inhibits both GIP and GLP-1 stimulation of phosphorylation of MSK-1 at Ser376, mediated by PKA, and MSK-1 enzymatic activity in INS-1 b-cells. 18 It is therefore plausible that both PKA and MSK-1 are involved in incretin-mediated PTMs of Kv channels. As incretin-mediated b-cell survival was greatly reduced by HAT inhibitor II and the HDAC inhibitor potentiated the effects of GIP/GLP-1 on b-cell survival (Figure 4c ), without affecting incretin-mediated Ser/Thr phosphorylation of Kv2.1 (Figure 4a) , acetylation seems to be the more critical incretinmediated PTM of Kv2.1 associated with b-cell survival. However, it is still possible that PKA-mediated phosphorylation is a prerequisite step for acetylation of Kv2.1, as incretinmediated acetylation of Kv2.1 was greatly reduced by H-89 and Rp-cAMPs treatment (Figure 4b) .
Cytosolic acetyltransferase and deacetylase enzymes have not been extensively characterized. However, dimerization of the prolactin receptor was recently shown to be stimulated through acetylation by CBP/p300, 19 key regulators of CREBmediated gene transcription, and both GIP and GLP-1 stimulate expression of multiple proteins via PKA activation of CREB-related pathways, [1] [2] [3] 5 as well as by stimulating histone lysine acetylation. 18 We therefore investigated CBP and/or p300 involvement in GIP/GLP-1-stimulated lysine acetylation of Kv2.1. Surprisingly, GIP and GLP-1 induced extensive export of nuclear CBP to the cytoplasm (Figures 5a  and b) , whereas p300 was relatively unaffected, and both incretins also increased protein-protein interactions between CBP and Kv2.1 (Figure 6a ). RNAi-mediated knockdown of CBP resulted in disruption of these interactions, as well as reduced acetylated Kv2.1 levels (Figures 6c and d) , suggesting that CBP is a major acetyltransferase responsible for Kv2.1 acetylation. At present, nothing is known about the mechanisms underlying transport of acetylases or deacetylases between cytosolic and nuclear compartments. However, increased cytosolic levels of CBP were detected within 15 min of stimulation and levels were increased for up to 2 h. Changes in the relative balance between acetylation and deacetylation have previously been shown to significantly impact on pancreatic b-cell death: inhibition of HDACs preventing cytokine-induced b-cell apoptosis and impairing b-cell function. 39, 40 As cellular K þ efflux is a critical step in the apoptotic cell death program, incretin-mediated PTMs of Kv2.1 and associated internalization (Figure 6e ) are therefore likely to be important for b-cell survival.
In summary, we have shown that GIP and GLP-1 modulate both phosphorylation and acetylation of Kv2.1, resulting in reduced surface expression, and that PKA/MSK-1 and HAT/ HDAC are involved in this process. The resultant decrease in K þ efflux is likely an important factor in incretin-mediated prosurvival effects. However, both incretins also modulate the activities of intracellular mediators of apoptosis, including Ask1, Bax and Bad, as well as cytochrome c release. As trafficking of CBP to the plasma membrane appears to be a major contributor to acetylation of Kv2.1, developing a better understanding of its regulation and the implications for regulation of gene expression is clearly important. This also appears to be the first example of GPCR-stimulated export of a nuclear lysine acetylase that regulates cell surface ion channel function. Altogether, our findings reveal an intriguing scenario whereby the release of nutrient-sensitive gut hormones couples to both functional and survival potentiating mechanisms in the b-cell via a signaling axis converging on voltage-sensitive ion channels that function to restore homeostasis following cellular excitation. 1-42, 100 nM) , GLP-1 (7-36, GLP-1 (7-36), PKA/MSK-1 inhibitor, H-89 (10 mM), a competitive inhibitor of PKA, Rp-cAMPs (200 mM), HAT inhibitor, HAT inhibitor II (40 mM), or HDAC inhibitor, Trichostatin A (TSA, 300 nM). Apoptotic cell death was determined using the APOPercentage apoptosis assay kit as described in Materials and methods. Significance was tested using ANOVA with Newman-Keuls post hoc test, where ** represents Po0.05 versus Thap, and ## represents Po0.05 versus Thap plus GIP or GLP-1 Cells were cultured in 11 mM glucose RPMI 1640 (Sigma-Aldrich, Oakville, ON, Canada) supplemented with 2 mM glutamine, 50 mM b-mercaptoethanol, 10 mM HEPES, 1 mM sodium pyruvate, 10% fetal bovine serum, 100 units/ml penicillin G-sodium and 100 mg/ml streptomycin sulfate. Cell passages 45-75 were used. Transient transfections were performed with Kv1.5, Kv2.1 or Kv3.2 or pcDNA3 plasmids using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA).
Figure 5 (continued)
Islet isolation and primary cell culture. Human islets were isolated from the pancreas of five adult organ donors using collagenase duct perfusion, dissociation and density gradient purification at the Ike Barber Islet Transplantation Laboratory (VGH, Vancouver, BC, Canada). The Research Ethics Board of UBC provided ethics approval.
Cell death assays and apoptosis. b-INS-1 cells were treated with STS (100 nM) or Thap (1 mM) for 6 h and cell death determined by counting propidium iodide-positive nuclei and total cell number measured by counting Hoechst 33342-positive nuclei. 6 Fluorescent signals were quantified with high-throughput imaging systems, CellomicsArrayscan V Cell fractionations. Nuclear/cytoplasmic extracts were prepared from cells as described previously. 4, 5, 18 Briefly, cells were washed with PBS, and scraped with 200 ml ice-cold buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, 0.1% Nonidet P40 and protease inhibitors). Following centrifugation, supernatants (cytoplasmic extracts) were collected and resulting pellets re-suspended in 20 ml buffer B (20 mM HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 20% glycerol and protease inhibitors) and incubated on ice for 10 min. After clarification by centrifugation, supernatants (nuclear extracts) were collected and subjected to western blot analysis. Histone and b-actin were used as nuclear and non-nuclear markers, respectively, to establish lack of crosscontamination between fractions (Supplementary Figure 5) .
Western blot analysis. Protein samples were separated on a 15% sodium dodecyl sulfate (SDS)/polyacrylamide gel and transferred onto nitrocellulose membranes (Bio-Rad Laboratories, Mississauga, ON, Canada). Probing of the membranes was performed with Kv2.1, phospho-Ser/Thr, acetyl-Lys, CBP, p300, histone or b-actin antibodies (Cell Signaling Technology, Beverly, MA, USA; Santa Cruz Biotechnology, Santa Cruz, CA, USA; Sigma-Aldrich; Novus Biologicals, Littleton, CO, USA). Immunoreactive bands were visualized by enhanced chemiluminescence (Millipore, Billerica, MA, USA) using horseradish peroxidase-conjugated IgG secondary antibodies.
Co-immunoprecipitation (Co-IP).
For the data presented in Figure 2 , total cellular extracts were prepared following experimental treatments and immunoprecipitated with phospho-serine/threonine, acetyl-lysine or Kv2.1 antibodies using Dynabead protein A (Invitrogen). Precipitated products were resolved by SDS-PAGE and probed with antibodies against Kv2.1, phospho-serine/ threonine or acetyl-lysine.
Confocal microscopy. b-INS-1 cells were treated with GIP or GLP-1 (100 nM) for 1 h. Immunocytochemical staining was performed using antibodies against CBP, and visualized with Texas Red dye-conjugated anti-rabbit secondary antibody (Molecular Probes, Invitrogen Canada, Burlington, ON, Canada). Cell nuclei were counterstained with DAPI (4 0 ,6-diamino-2-phenylindole). Stained cells were imaged using a Nikon confocal microscope (Nikon Canada, Mississauga, ON, Canada). All imaging data were analyzed using EZC1 software (Nikon).
RNA interference knockdown of CBP and Kv2.1. b-INS-1 cells were transfected with MISSION siRNA for CBP (SASI_Rn01_00079791, Sigma-Aldrich) or Kv2.1 (SI01527631, Qiagen Canada, Toronto, ON, Canada) and incubated for 72 h. The level of reduction in CBP and Kv2.1 protein expression was determined by western blot hybridization using antibodies against CBP, Kv2.1, histone and b-actin.
Proteinase K digestion experiments. For proteinase K digestion, 11 human islets incubated with 100 nM of each peptide were washed three times with ice-cold PBS and incubated with 10 mM HEPES, 150 mM NaCl and 2 mM CaCl 2 (pH 7.4) with 200 mg/ml proteinase K at 37 1C for 30 min. Cells were harvested and proteinase K digestion quenched with ice-cold PBS containing 6 mM phenylmethylsulfonyl fluoride and 25 mM EDTA. This was followed by SDS-PAGE and immunoblotting, and probing of membranes with antibodies against Kv channels and b-tubulin.
Statistical analysis. Data are expressed as means±S.E.M. with numbers of individual experiments presented in figure legends. Significance was tested using analysis of variance (ANOVA) with Newman-Keuls post hoc test (Po0.05).
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